Abstract: Zearalenone (ZEA) is a fungal mycotoxin that causes cell apoptosis and necrosis. However, little is known about the molecular mechanisms of ZEA toxicity. The objective of this study was to explore the effects of ZEA on the proliferation and apoptosis of RAW 264.7 macrophages and to uncover the signaling pathway underlying the cytotoxicity of ZEA in RAW 264.7 macrophages. This study demonstrates that the endoplasmic reticulum (ER) stress pathway cooperated in ZEA-induced cell death of the RAW 264.7 macrophages. Our results show that ZEA treatment reduced the viability of RAW 264.7 macrophages in a dose-and time-dependent manner as shown by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay (MTT) and flow cytometry assay. Western blots analysis revealed that ZEA increased the expression of glucose-regulated protein 78 (GRP78) and CCAAT/enhancer binding protein homologous protein (CHOP), two ER stress-related marker genes. Furthermore, treating the cells with the ER stress inhibitors 4-phenylbutyrate (4-PBA) or knocking down CHOP, using lentivirus encoded short hairpin interfering RNAs (shRNAs), significantly diminished the ZEA-induced increases in GRP78 and CHOP, and cell death. In summary, our results suggest that ZEA induces the apoptosis
ZEA-induced apoptosis in macrophages remains unknown. The present study aims to detect the effect of ZEA on cell death in macrophages and to examine whether this process is related to ER stress.
Results

Effect of ZEA on the Proliferation and Apoptosis of RAW 264.7 Macrophages
The toxic effect of ZEA on RAW 264.7 macrophages was examined by treatment with 0-100 µM ZEA for 24 h. Then the effect of this treatment on their proliferation was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay (MTT) assay. ZEA was found to have very little effect at low doses (10 µM), while 20 µM ZEA significantly inhibited the growth of cells ( Figure 1A , p < 0.05). These results showed that ZEA treatment clearly inhibited cell viability in a dose-dependent manner. The results of flow cytometry analysis also revealed that the apoptotic percentage of RAW 264.7 macrophages was significantly increased by ZEA treatment in a time-dependent manner compared with the control ( Figure 1B ,C, p < 0.05). The results of the Hoechst 33342 and propidium iodide (PI) staining assays showed that the early apoptotic cells were mainly observed after exposure to 30 and 50 µM ZEA for 12 h, but late apoptotic and necrotic cells were mainly observed after exposure to 30 and 50 µM ZEA for 24 h ( Figure 1D ). 
Effect of ZEA on ER Stress in RAW 264.7 Macrophages
The effect of ZEA on the ER stress-related gene (GRP78 and CHOP) expression was studied via western blot analysis. ZEA treatment significantly induced the expression of GRP78 compared with the control, although treatment with 10, 30 and 50 µM ZEA and 30 µM ZEA for 6, 12 and 24 h did not produce significantly different results (Figure 2 ). CHOP protein was weakly detected after treatment with 10 µM ZEA for 12 h and 30 µM for 6 h, while treatment with 30 µM ZEA for 12 h dramatically induced the expression of CHOP, while treatment with 50 µM ZEA for 12 h and 30 µM for 24 h decreased the level of CHOP (Figure 2 ). 
Effect of 4-PBA on ZEA-Induced Apoptosis in RAW 264.7 Macrophages
To confirm the role of ER stress in ZEA-induced apoptosis, RAW 264.7 macrophages were treated with ZEA in the presence or absence of the ER stress inhibitor 4-PBA. Similar results were observed using the MTT assay and flow cytometry. Treatment with 700 nM 4-PBA significantly promoted cell viability and prevented cell apoptosis caused by 30 µM ZEA at 24 h, respectively ( Figure 3A -C, p < 0.05). Meanwhile, 4-PBA markedly reduced the immunofluorescence staining of GRP78 and CHOP produced by 30 µM ZEA in RAW 264.7 macrophages (Figure 4A,B) . In addition, Western blot analyses also revealed that the protein levels of GRP78 and CHOP in the ZEA-induced RAW 264.7 macrophages were significantly decreased after treatment of 4-PBA ( Figure 4C ,D, p < 0.05). 
Attenuation of ZEA-Induced Cell Apoptosis by Suppression of CHOP Expression
To further examine the role of ER stress in ZEA-induced cellular apoptosis, we used lentiviral-transduced shRNA to down-regulate CHOP expression. With this strategy, we confirmed that the ER stress pathway is required for ZEA-induced apoptosis in RAW 264.7 macrophages ( Figure 5A -C). The MTT assay showed that CHOP knockdown effectively increased the cell viability compared with the control after treatment with 30 µM ZEA for 24 h ( Figure 5D , p < 0.05). Treatment with 30 µM ZEA for 24 h after transducing the shCHOP lentivirus significantly suppressed ZEA-induced cell apoptosis compared with the control (Figure 5E ,F, p < 0.05). 
Discussion
Although numerous studies have demonstrated that ZEA induces reproductive disorders and is immunotoxic, hepatotoxic and genotoxic in both humans and animals, the detailed mechanisms of ZEA toxicity have not been fully elucidated. Many mechanisms have been proposed to explain how ZEA functions as a toxic agent in many signaling pathways. Previous research has demonstrated that RAW 264.7 macrophages could be induced to undergo cell death, primarily through necrosis, with exposure to 50 µM ZEA for 24 h [20] . Our partial results were consistent with the findings of previous reports. We discovered that early apoptotic cells were mainly observed after exposure to 30 and 50 µM ZEA for 12 h, but after exposure for 24 h, late apoptotic and necrotic cells were mainly observed. The present findings support the idea that ZEA treatment significantly reduces the viability of RAW 264.7 macrophages and induces cell death in a dose-and time-dependent manner. However, cell apoptosis may be mainly caused by ZEA treatment at low doses or for a short time, while both apoptosis and necrosis may result from ZEA treatment at high doses and for a long time.
In previous studies, the mitochondrion-initiated intrinsic pathway has been found to be involved in the process of ZEA-mediated apoptosis. ZEA treatment induces the formation of DNA adducts and ladders and leads to micronuclei and chromosomal aberrations [31, 32] . This process also results in the inhibition of DNA and protein synthesis, glutathione depletion, stress protein induction, and oxidative stress-mediated cell death [17, 33, 34] . ZEA not only induces apoptosis in human hepatocytes but also results in apoptotic cell death in porcine granulosa cells via the caspase-dependent, mitochondrial signaling pathway [14, 18, 35] . ZEA induces cell death by regulating Bcl-2 family proteins, which can downregulate Bcl-2 and upregulate Bax expression [29, 36] . Cell death caused by ZEA is closely related to its potential to cause DNA damage and ROS generation in RAW 264.7 macrophages in which the activation of p53 and MAPK plays a critical role. Our study shows that ZEA induces apoptosis via ER stress in mouse Leydig cells [30] ; in summary, the resulting outcomes are believed to differ according to the types of cells examined and the mycotoxins exposed.
Previous studies have reported that ER stress triggers cell death via an alternative intrinsic apoptotic pathway that does not require cytochrome c or Apaf-1 [37] . The accumulation of unfolded or misfolded proteins in the ER can cause ER stress. ER transmembrane proteins dissociate with the ER chaperone molecular GRP78, which binds to the accumulating unfolded proteins and transduces the ER stress signaling pathways. This signaling pathway up-regulates the expression of molecular chaperones in the ER, subsequently restoring homeostasis and promoting cell survival. However, with severe and prolonged ER stress, the pro-apoptotic factor CHOP is induced and causes cell apoptosis in some cell types [38] [39] [40] . CHOP exists downstream of all of these ER stress signaling pathways. CHOP regulates the expression of a set of stress-induced genes involved in cell death. CHOP down-regulates the expression of Bcl-2 and exaggerates the production of ROS [41] . Furthermore, CHOP induces cell apoptosis in RAW 264.7 macrophages through the translocation of a pro-apoptotic protein Bax from the cytosol to the mitochondria [42] . Previous studies have demonstrated that nitric oxide (NO) induces ER stress and apoptosis via the ATF6/CHOP signaling pathway in RAW 264.7 macrophages [43] . In this study, the related marker molecules of ER stress, GRP78 and CHOP, were found to be up-regulated in the ZEA-treated cells with marked dose-and time-dependent increases. Furthermore, we also found that 4-PBA (an ER stress inhibitor) markedly reduced the ZEA-induced up-regulation of GRP78 and CHOP in RAW 264.7 macrophages and subsequently increased cell death. Furthermore, the knockdown of CHOP with lentivirus-mediated shRNA diminished ZEA-induced cell death. Taken together, these results suggest that ZEA treatment might activate the ER stress response, and that CHOP might play an important role in the regulation of cell death in RAW 264.7 macrophages.
Materials and Methods
Materials
ZEA and 4-phenylbutyrate (4-PBA) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY, USA). An Annexin V-PE/7-AAD kit, Total Protein Extraction Kit and BCA Protein Assay Kit were purchased from Nanjing Keygen Biotech Co., Ltd. (Nanjing, Jiangsu, China). The Apoptosis and Necrosis Assay Kit was purchased from Beyotime Institute of Biotechnology (Shanghai, China). Anti-β-actin antibody was obtained from Beijing CWBIO Co., Ltd. (Beijing, China). Anti-GRP78 and anti-CHOP antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell Culture and Treatment
RAW 264.7 macrophages were cultured in DMEM supplemented with 10% FBS and 100 IU/mL penicillin and 100 μg/mL streptomycin solution in a humidified incubator at 37 °C and 5% CO2. The growth medium was refreshed every 2-3 days. When the cells reached 70%-80% confluence, they were exposed to various concentrations (0-100 μM) of ZEA. At various times (0-48 h) during the treatment, cells were collected and processed for further experiments. In another experiment, RAW 264.7 macrophages were exposed to 30 and 50 µM of ZEA in the presence or absence of the ER stress inhibitor 4-PBA. After 24 h of culture, the cells were collected for flow cytometry and western blotting analysis.
Measurement of Cell Viability
To test the effects of ZEA on the changes in cell viability, cells were seeded into a 96-well plate at 5 × 10 3 cells/well. After culture for 24 h, the cells were treated with various concentrations of ZEA from 0 to 100 µM for 24 h. Cells were treated with 0.5 mg/mL MTT after exposure to ZEA and were then incubated for an additional 4 h. At the end of the experiments, the cell growth medium was replaced by 150 µL DMSO and colorimetric measurements were performed with an ELISA plate reader at 570 nm using a microplate reader (Model 680, Bio-Rad, Hercules, CA, USA).
Apoptosis Analysis with Annexin V-PE/7-AAD Staining
After 24 h of ZEA treatment, apoptotic cells were quantified with an Annexin V-PE and 7-AAD apoptosis detection kit. Cells were washed twice with cold PBS by centrifugation, and their density was adjusted to 1 × 10 5 cells/mL. Cells were then resuspended in 50 μL binding buffer, after which, 5 μL 7-AAD was added and the mixture was incubated for 15 min. Then, 450 μL binding buffer was added, followed by addition of 1 μL Annexin V-PE and incubation for 15 min. 
Examination of ZEA-Induced Cell Death by Hoechst-PI Staining
To assess the apoptosis or necrosis phenomenon, Hoechst 33342 and PI staining assays were carried out. For these, 1 × 10 5 RAW 264.7 macrophages per well were cultured over night in 24-well plates and treated with 0, 30 and 50 μM ZEA for 12 and 24 h. The resulting cell morphology was assessed using an Apoptosis and Necrosis Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China). Briefly, cells in 24-well plates were trypsinized and washed twice with PBS. The cells were then stained with Hoechst 33342 and PI for 30 min at 4 °C in the dark. Apoptotic and necrotic cells were observed using a Nikon epifluorescence microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan).
Immunofluorescence Staining
RAW 264.7 macrophages were cultured in 24-well plates and treated with 30 µM of ZEA in the presence or absence of 700 nM 4-PBA for 24 h. Immunofluorescence staining of GRP78 and CHOP was performed. RAW 264.7 macrophages were first fixed in 4% paraformaldehyde for 20 min, and then permeabilized with 0.1% Triton X-100 in PBS for 20 min. They were subsequently blocked with 5% BSA in PBS for 1 h at room temperature. The membranes were then incubated with the chosen antibodies, including antibodies to CHOP and GRP78, at a dilution of 1:50 in TBST for 2 h at 37 °C. After washing followed by incubation with anti-rabbit secondary antibody (Invitrogen, A21206; 1:500 dilution) and anti-goat secondary antibody (Invitrogen, A21432; 1:500 dilution) for 1 h at 37 °C, the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. The fluorescent signals were examined under a Nikon epifluorescence microscope (Nikon Eclipse 80i, Nikon, Tokyo, Japan).
Transducing Short Hairpin Interfering RNAs (shRNAs) via Lentiviral Infection
Recombinant lentiviral vectors encoding CHOP shRNA and shNC were constructed in our laboratory. ShNC contains a scrambled sequence, which does not have any effect on the expression of any gene. The recombinant lentivirus vector was packaged and transfected into HEK 293T cells. The medium was harvested 48 h after transfection, purified by low-speed centrifugation, and filtered through a 0.45-µm polyvinylidene difluoride (PVDF) filter. RAW 264.7 macrophages were cultured in DMEM with 10% FBS. An appropriate amount of virus (MOI = 20) was diluted in the culture medium (containing 8 µg/mL of polybrene) on the next day. ShCHOP and shNC viral supernatant were added. The following day, the medium containing the virus was removed and replaced with fresh culture medium. Following transduction (48 h), the medium was then replaced without or with 30 µM of ZEA for another 24 h.
Western Blot Analysis
After treatment, the cells were washed with cold PBS and lysed on ice for 30 min in radioimmunoprecipitation (RIPA) buffer. After centrifugation at 14,000 rpm for 15 min at 4 °C, the supernatant was then transferred to a new tube and the protein concentration was determined by the BCA assay. The total cellular protein of 50 μg was electrophoresed on a 12% sodium dodecyl sulfate polyacrylamide gradient (SDS-PAGE) gel and electro-transferred onto PVDF membranes. The membranes were then blocked with 5% fatty acid-free milk in Tris-buffered saline (TBS) containing 0.5% Tween-X-100 for 1 h at room temperature and incubated overnight at 4 °C in blocking solution containing anti-GRP78 and anti-CHOP primary antibodies. The next day, the membranes were washed with TBST and incubated with secondary antibody conjugated to horseradish peroxidase (1:5000; Zhongshan Golden Bridge Biotechnology, Nanjing, China) at room temperature for 1 h. Finally, the immunoreactive bands were visualized using the Gel Image System (Tannon, Biotech, and Shanghai, China) and then digitized with the Quantity One Software (Bio-Rad).
Statistical Analysis
All experiments were replicated at least three times for each group, and the experimental results are presented as the mean ± SEM. Data were analyzed with one-way ANOVA, followed by Fisher's least significant different test (Fisher LSD) and Independent-Samples T test with SPSS (Statistical Package for the Social Sciences) software (Version 13.0; SPSS, Inc., Chicago, IL, USA). Differences were considered significant when p < 0.05.
Conclusions
In summary, this study demonstrates that ER stress is involved in the ZEA-induced cell death of RAW 264.7 macrophages in which the activation of CHOP plays a critical role. This study offers new insight into the molecular mechanisms of ZEA toxicity in macrophages.
